The growing demand for renewable energy leads to an increase in the development of 1 geothermal energy projects and heat has become a common tracer in hydrology and 2 hydrogeology. Designing geothermal systems requires a multidisciplinary approach including 3 geological and hydrogeological aspects. In this context, electrical resistivity tomography 4 (ERT) can bring relevant, qualitative and quantitative information on the temperature 5 distribution in operating shallow geothermal systems or during heat tracing experiments. We 6 followed a heat tracing experiment in an alluvial aquifer using cross-borehole time-lapse 7 ERT. Heated water was injected in a well while water of the aquifer was extracted at another 8
Introduction

28
Shallow alluvial aquifers constitute potential shallow geothermal energy reservoirs, relatively 29 abundant and easily accessible. In these low temperature systems, groundwater has an average 30 temperature ranging from 5 to 30°C and may be used for domestic or industrial cooling and 31 heating (Allen and Milenic, 2003; Haehnlein et al., 2010) .
32
The two main techniques to exploit shallow geothermal energy systems are ground source is a reliable tool to monitor temperature changes and may be a method of choice for the 88 design and the monitoring of geothermal systems. However, the results need to be extended to 89 deeper and more complex, heterogeneous reservoirs, as it will be considered in this paper.
90
ERT-derived temperatures were very close to temperatures modeled using a calibrated 91 coupled groundwater and heat flow and transport model bringing additional constraints on the 92 thermal properties of the aquifer.
93
For deeper reservoirs, the rapid decrease in resolution and sensitivity of surface ERT becomes 94 a major drawback (Caterina et al., 2013) . It is then necessary to consider borehole ERT to with the surrounding rock. In the latter case, borehole fluid is generally more conductive than 103 the rock and may influence resistance measurements (Doetsch et al., 2010) . Using time-lapse 104 ERT, the relative fluid effect will be almost similar at each time-step and should be 105 insignificant in inversion results (Nimmer et al., 2008) .
106
In this paper, we study the ability of ERT to monitor temperature changes in a heterogeneous 107 aquifer and follow thermal tracing experiments. We pumped water from a gravel aquifer,
108
heated it and reinjected it in a second well, similar to a GWHP system operation.
109
The paper is organized as follows: first, the field site is described; second, the methodology is 
Field Site
113
The study site is located in Hermalle-sous-Argenteau in Belgium near the Belgian-Dutch Carboniferous bedrock composed of folded shales and sandstones is found.
130
In the middle panel, the outer piezometers are screened on the whole thickness of the alluvial 131 aquifer. This is also the case for the injection and pumping wells. Except for the latter, they to be efficient in tracer tests (Revil et al., 2013) . In this study, we used the difference inversions. This method should reduce the systematic error and provide a faster convergence.
302
(LaBrecque and Yang, 2000).
303
To compare the successive models in the monitoring study, it is important that all data sets are λ, corresponding to data fitted to its error level. At each iteration, λ is optimized to obtain the 312 minimum value of ε RMS . When, ε RMS is inferior to 1, we looked for the unique value of λ that 313 satisfies the data misfit criterion (ε RMS = 1).
314
We used the code CRTomo (Kemna, 2000) to invert our data. This code is a 2.5D inversion 315 code; it means that the electrical conductivity distribution is assumed to be constant in the To assess the quality of the ERT image, we used the error weighted cumulative sensitivity low sensitivity zone will most likely be badly resolved in the inverted section. However, it has 338 to be noted that high sensitivity does not necessarily mean high resolution. 
347
The resistivity tends to increase towards the unsaturated zone (above -3.5m), but there was 348 no electrode in this part of the section (the electrode at -3 m was modeled but not used for 349 any configuration). However, we do not expect these absolute values to be accurate due to 
Cross-borehole ERT monitoring results
361
Before looking at inverted data, it is important to qualitatively check if the acquired data
362
contains some information about the monitored process. We calculated the mean resistance of 363 each data set after removing data with repeatability error higher than 1% (870 points which corresponds to 6 to 11 hours after the end of injection. After the minimum, the mean 371 resistance starts to increase and slightly tends to its initial state, even if it is not totally reached 372 at the end of the monitoring process.
373 Figure 6 can be seen as a qualitative mean breakthrough curve of the heat tracing experiment.
374
It enables to derive two important parameters: the first detected arrival of heat, which occurs 375 between 7 and 12 hours, and the maximum changes, which occurs between 30 and 35 hours.
376
The time-lapse data sets were inverted using equation 8, i.e. the results of Figure 4 are used as 377 a reference and we inverted data differences to derive model perturbations. We kept the same and a positive value corresponds to an increase in resistivity.
385
Given the process that is monitored, only negative changes related to an increase in gravel with pebbles and a limited amount of sandy matrix, as was observed during drilling.
415
The hydraulic conductivity of the bottom part is higher and the flux is greater, so a major part 
424
The lateral variations observed in the ERT sections suggest a degree of heterogeneity that was 
Comparison with direct measurements
459
The layout of the study site enabled to make a lot of direct measurements in piezometers, at Pz16, which is also evident from ERT sections where the zone near ERT-borehole 1 is hotter 475 than the middle of the section. As an example, the maximum ΔT in Pz14 is 4.2°C, whereas it 476 is only 2.9°C in Pz15. We can conclude that the qualitative observations on the spatial and 477 temporal distribution of temperature are confirmed by direct measurements.
478
To verify the ability of ERT measurements to quantify temperature, we rely on two different alone. This could be related to a 3D effect (shadow effect), because the maximum of the 496 plume, even if not in the section anymore, is still influencing measurements.
497
It must also be kept in mind that the volume investigated by ERT and direct measurements is decrease of temperature when we move away from the injection well, this effect is negligible.
504
This is confirmed by the samples collected in Pz15 which shows an almost constant specific 505 conductivity.
506
Temporally, the results are very satisfactory because the raising part, the maximum and the 507 tailing of the curve are imaged at correct times. In this specific case, the time resolution of
508
ERT is only of a few hours. It signifies that we cannot expect to detect the first arrival with 509 precision. Given the material used, we could achieve a time resolution of half an hour, by 510 reducing acquisition time and acquisition delay which were chosen conservative.
511
The comparison of ERT-derived temperatures with DTS measurement in the two ERT- 
527
This effect may also explain why temperature near ERT-borehole 1 seems to be higher in 528 Figure 9 in the upper part of the aquifer whereas it is not the case in the middle part of the 529 section.
530
In ERT-borehole 2 (Figure 12 
Conclusion
543
The growing demand for renewable energy leads to an increase in the development of for example in no or low flow conditions. 3D imaging procedure using more than two wells 564 should also improve the reliability of electrical resistivity monitoring results, yielding a better 565 characterization of temperature distribution.
566
The limit of quantification of temperature changes depends on the noise level observed on the 567 site. ERT requires for an error assessment in order to avoid artifacts in the inverted sections.
568
The higher the noise level, the lower the resolution of ERT to derive temperature changes. boreholes or the use of set-up with more than two boreholes.
585
In this experiment, we only achieve a time resolution of a few hours. Our measuring 586 procedure takes about 45 minutes. However, it is possible to reduce acquisition delay and 
590
The results presented in this paper suggest that ERT should be considered when designing 
599
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831
The temperature varies with depth and the mean temperature is different in the two boreholes: 
